The nuclear pore is a large and complex biological machine, mediating all signal-directed transport between the nucleus and the cytoplasm. The vertebrate pore has a mass of 120 million daltons or 30 times the size of a ribosome. The large size of the pore, coupled to its tight integration in the nuclear lamina, has hampered the isolation of pore complexes from vertebrate sources. We have now developed a strategy for the purification of nuclear pores from in vitro assembled annulate lamellae (AL), a cytoplasmic mimic of the nuclear envelope that lacks a lamina, nuclear matrix, and chromatin-associated proteins. We find that purified pore complexes from AL contain every nuclear pore protein tested. In addition, immunoblotting reveals the presence of soluble transport receptors and factors known to play important roles in the transport of macromolecules through the pore. The regulated transport of macromolecules across the nuclear envelope is critical for the creation and maintenance of the discrete identities of the nucleus and cytosol. Traffic through the nuclear envelope utilizes the nuclear pore complex, a large proteinaceous structure in excess of 120 million daltons in mass (1-3). As such, the nuclear pore represents one of the largest biological machines within the cell. The pore itself consists of three stacked octagonally symmetric rings, with the central ring composed of spoke-like structures supporting a central transporter ( Figure 1B) . Extending from the cytoplasmic ring are eight short filaments (1,2,4,5). These filaments, composed in part of the nuclear pore proteins (or nucleoporins) Nup214/CAN and Nup358/RanBP2, contain the initial binding sights for nuclear import receptors and their cargo (6) (7) (8) (9) (10) (11) (12) (13) (14) . Extending from the nuclear ring are eight thin filaments terminating in a smaller ring. This nuclear pore 'basket' minimally contains the nucleoporins Nup93, Nup98, and Nup153, and plays roles both in export from the nucleus and in the terminal steps of import (6, (15) (16) (17) 11, 18, 19) . Although roughly 18 vertebrate pore proteins have been discovered, a significant fraction remains unknown.
In higher organisms, the nuclear pore complex is tightly integrated into the nuclear lamina, which lines the inner nuclear membrane. The highly polymerized and insoluble network of lamina filaments has represented one of the greatest obstacles to the purification of nuclear pores from animal sources. Another potential obstacle is the presence of the highly insoluble nuclear matrix (20) . Traditionally, high concentrations of detergents and urea were used following nuclease and salt extraction of the nucleus to obtain a nuclear pore complex-lamina-matrix fraction (20) . As the name implies, these preparations contain the lamina and its associated polypeptides. More recently, a procedure using the detergent Empigen BB allows one to solubilize nucleoporins from this pore complex-lamina fraction (21, 22) . It has not yet been reported whether this procedure is specific for nucleoporins, or whether other nuclear envelope proteins are also released. However, that strategy does not yield intact pores. A major goal in the study of nuclear transport is the isolation and definition of the components of the highly complex vertebrate nuclear pore.
In contrast to vertebrate systems, intact nuclear pore complexes from yeast have been successfully purified to homogeneity (23, 24) . The ability to isolate intact nuclear pores from this organism may in large part be due to the lack of a detectable lamina in yeast (23) . We reasoned that annulate lamellae (AL) would represent an attractive starting material to attack the purification of vertebrate nuclear pores, since AL are large cytoplasmic stacks of membranes containing abundant, closely packed pore complexes (25 -27) . These pores are morphologically identical to the pore complexes in the nuclear envelope and have been shown to bind fluorescently labeled nuclear transport factors when the latter were injected into oocytes (28) . While the exact role of AL is unclear, the observation that they are found in cells with high proliferative capability suggests that they represent a storage form of nuclear pores. Indeed, 80% of the pore complexes in a mature Xenopus oocyte are present in cytoplasmic stacks of AL (29) . AL do not contain a detectable lamina. Moreover, as AL can be readily and efficiently assembled in vitro in Xenopus egg extracts (26, 30) , they seemed an ideal starting point for the purification of vertebrate nuclear pore complexes. In this study, using in vitro assembled AL, we have been able to purify a preparation that contains all known nucleoporins. In addition, non-pore proteins, whether nuclear, cytoplasmic, or integral membrane proteins, are excluded. The behavior of individual soluble transport factors has been assessed and differs one to another, indicating that each of these factors has a different affinity for the pore complex. The most purified pore fraction contains approxi- Miller and Forbes mately 50 distinct bands in silver stained gels, and individual pore proteins can readily be identified as distinct bands on such gels. We conclude by biochemical criteria that we have purified vertebrate pores.
Results
The strategy for biochemical purification of vertebrate pores To attempt to purify vertebrate nuclear pores, we took advantage of the ability of extracts prepared from Xenopus eggs to assemble large amounts of pore complexes into AL (26, 27) . Pores assembled into AL appear morphologically normal and, in vivo, have been shown to be able to bind microinjected importin b (28) . Previous attempts to purify pore complexes from vertebrate nuclear envelopes have been hampered by the tight integration of the pores into the lamina. However, pores have been successfully purified from S. cerevisiae, an organism that is thought to lack a nuclear lamina (23) . Since there is no immunologically or morphologically detectable lamina associated with vertebrate AL in vivo (26), we reasoned that it should be possible to isolate pores from this organelle. To attempt a biochemical purification of pores from AL, AL were assembled in large amounts in Xenopus egg extracts and different purification steps were tried. At each step, the criteria for purification was retention of a key nuclear pore protein, Nup62 (see Figure 1B for a schematic of localization of a set of known nuclear pore proteins). After extensive trials, the steps summarized in Figure 1C were found to maintain Nup62, while purifying the structures containing this nucleoporin away from non-pore proteins. The final strategy was as follows: AL were allowed to assemble for 3 h, then the total membrane fraction that contained assembled AL and all other membranous organelles of the cell was isolated by centrifugation ( Figure 1C , Fraction 1). The total cellular membranes were sheared by passage through a small gauge syringe needle to shear AL from attached ER. The AL were then separated from the bulk of other membranous organelles, such as ER and Golgi, by flotation through a 65 -30% sucrose density gradient. The band corresponding to the AL was removed and concentrated by centrifugation to generate Fraction 2. At this point in the purification, the major remaining membrane contaminants were found to consist of mitochondria and some residual ER attached to the AL (data not shown). The mitochondria and ER were removed by centrifugation through a linear sucrose gradient; the denser AL pelleted to yield Fraction 3. The purified AL were resuspended in buffer containing 20% DMSO, which we found was essential to stabilize the nuclear pores, as it is in the case of the smaller yeast nuclear pores (23) . The membranes surrounding the AL pore complexes were solubilized by the addition of a mixture of the detergents b-octylglucoside and CHAPS. The relative concentration and types of these detergents were chosen to optimize retention of Nup62 and gp210, while removing the ER integral membrane protein ribophorin (27) . Neither of the detergents alone removed the ER integral membrane protein contaminants, except at very high concentrations which solu- is roughly 250-fold over the initial cytosol and membrane components. Based on the higher incorporation and maintenance of Nup93 (see below), we estimate that the purification factor for the pores here is 400 -600-fold over the starting AL assembly mixture. (See Table 1 for a typical purification.) To determine the theoretical maximal purification achievable and compare this to our actual purification, we used the value of 2.5 ×10 8 pores/oocyte that has been observed in vivo (10) . This predicts the total mass of nucleoporin protein in an egg to be 5 × 10 − 2 mg. Given that an average Xenopus egg contains 15-30 mg of total protein (B.R. Miller, unpublished data), the theoretical maximal purification factor of pores would be on the order of 300 -600-fold (15-30 mg/0.05 mg). Thus, through the use of our purification strategy, we have obtained approximately the maximal purification of pores possible.
Proteins of the inner nuclear envelope, nucleoplasm, and ER do not co-purify with pores The first steps in the purification removed a number of non-pore proteins, both nuclear and integral membrane proteins ( Figure 2 , lanes 1 and 2). Lamin L III , known to remain soluble in Xenopus egg cytosol in the absence of nuclear formation, was removed in the early steps of purification (Figure 2 ), confirming both the purification and the previously described lack of a detectable lamina associated with AL (35, 26) . The highly abundant nuclear protein, nucleoplasmin, showed some association with the initial crude membrane fraction derived from the AL assembly reaction (Fraction 1). However, all nucleoplasmin was removed during the first gradient. The initial association could possibly be due to the presence of multiple nuclear localization sequences in the nucleoplasmin pentamer causing an association with transport receptors bound to the pores (see below). The DNAbinding protein, RPA (Figure 2) , which is known to use an import receptor distinct from nucleoplasmin (36) , showed little interaction with AL pores and was easily removed during purification.
Since AL are assembled into and are physically contiguous with the endoplasmic reticulum both in vivo (37) and in vitro (26, 27) , it would not be unexpected to find large amounts of ER proteins contaminating AL pore preparations. Indeed, even after the mild shearing of the membrane fraction, a significant amount ( 10%) of the integral ER membrane protein ribophorin was present in the AL pore preparation bilized the nucleoporins themselves. Other detergents, such as Triton-X100, Mega 10, sodium cholate, and sodium deoxycholate either did not remove the ER proteins or, at the other extreme, completely solubilized the nucleoporins (B.R.M., data not shown). The putative pore complexes treated with b-octylglucoside/CHAPS were pelleted through a glycerol cushion to isolate the protein-dense nuclear pore structures away from solubilized membranes, generating Fraction 4. Figure 2 shows the profile of the nucleoporin Nup62 through a typical purification. In the final purification strategy, the bulk of Nup62 (approximately 50% of the amount present in Fraction 1) could be recovered in the final fraction. A typical purification was performed starting with 20 ml of egg extract ( 1 g of total protein) and yielded between 1 and 1.5 mg of protein in the final pore fraction ( Figure 1 , Fraction 4). Based on Nup62, the estimated purification factor for this protocol Pores were purified as described in Materials and Methods, and the fold-enrichment was determined by densitometric scanning of western blots of the fractions, probing for the nucleoporin Nup93. Miller and Forbes after flotation through a sucrose gradient ( Figure 2 , Fraction 2). However, the subsequent two purification steps removed virtually all of the ribophorin ( Figure 2 , Fraction 4). This suggests that the vast majority of the ER is removed from the pores by our purification strategy. It remained a formal possibility, however, that detergent extraction specifically removed only ribophorin from the pores, rather than removing all membrane proteins. Another concern was that the detergent extraction would prove too harsh and remove the integral membrane proteins of the nuclear pore itself. To address this, we assessed the presence of glycosylated membrane proteins throughout the purification by probing with HRP-labeled Conconavalin. Con A recognizes mannosyl residues and reacts with a wide variety of glycosylated ER and Golgi integral membrane proteins, as well as with the nuclear pore integral membrane protein gp210 (38) . As shown in Figure 3 , a large number of Con A-reactive polypeptides are present in the total membrane fraction ( Figure 3 , upper panel, lane 1). Many of these are removed from the pore preparation by the flotation step (lane 2), but there remained a significant number of glycosylated proteins present until detergent extraction (lane 3). After detergent extraction, the vast majority of glycosylated proteins was removed, leaving as the most prominent band a protein species at 210 kDa (lane 4). This protein proved to be the integral pore membrane protein gp210, as determined by immunoblotting the fractions with a polyclonal antibody raised to rat gp210 [ Figure 3 , lower panel, lanes 1-4; (39)]. We conclude that our final purification strategy removes the bulk of contaminating integral membrane proteins, as well as soluble proteins, while retaining Nup62 and the pore membrane protein gp210 in a co-fractionating structure.
All tested nucleoporins co-purify with vertebrate pores
To further characterize the putative purified pores, we next assessed the presence of other known nucleoporins by immunoblotting ( Figure 4) . The large filamentous protein Tpr resides on long fibers extending from nuclear pores into the nucleus (39, 40) . Tpr is known not to be associated with AL in vivo (39) . Tpr has been hypothesized to tie some aspect of pore function to the nuclear interior, rather than itself being a pore protein, and indeed the yeast homolog of Tpr localizes telomeres and silenced genes to the nuclear periphery (41) . We found that Tpr did not cofractionate with the purified pores here (Figure 4 ; top panel). In striking contrast, five known nuclear pore proteins, Nup214/CAN, Nup205, Nup153, Nup98, and Nup93 all showed co-purification with Nup62 and gp210 throughout the purification steps ( Figure 4 ) (31, 42, 43, 32, 33, 16, 11) . In fact, every pore protein tested to date shows co-purification using this protocol (including Nup155, Gle2, and Nup84 (44-46); data not shown).
Co-fractionation of Nup153, Nup98, and Nup93 with the purified pores was extremely high (Figure 4) . Nup153, Nup98, and Nup93 have all been localized on or near the nuclear basket of the pore (16, 42, 47) . Nup153 is a pore protein located at the distal ring of the basket on the nuclear side of the pore and might be expected to be the most sensitive of the three to the stresses of purification. However, Nup153 was strongly maintained throughout the purification, arguing that the strategy allows for good preservation of protein -protein interactions. Nup205 was equally well maintained during purification.
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Traffic 2000: 1: 0 -00 When cytoplasmic fibril proteins were examined Nup358/ RanBP2 showed good co-purification throughout ( Figure 5 ). Nucleoporin Nup214/CAN also showed good incorporation into AL (Figures 4 and 5 ), but was sometimes lost during purification ( Figure 4 ). Nup214/CAN is a component of the short cytoplasmic fibrils extending from the cytoplasmic side of the pore (43, 9) . Some of the elements of these peripheral fibrils or Nup214/CAN itself may be more delicate than either the core of the pore complex, the nuclear basket, or the other proteins of the cytoplasmic fibrils.
Nuclear transport receptors co-purify with vertebrate pores, but Ran and NTF2 do not Having good evidence that we had purified the vertebrate pore, we next assayed for the presence of proteins that have been shown to either interact directly with the nuclear pore or play some role in transport through the pore. As demonstrated in Figure 2 , nuclear proteins not involved with transport specifically, such as lamin L III , nucleoplasmin, cdk2, and RPA 70, showed little affinity for the purified pores after the A panel of blots containing the same purification steps as in Figure 2 was probed with affinity purified antisera raised against the pore proteins indicated on the right of the figure. As in Figure 2 , only the relevant portion of the blots are shown for clarity. The lanes are labeled and loaded as in Figure  2 . Tpr is not a pore protein in AL pores in vivo (6) or in vitro (shown here).
first purification step. In contrast, a number of the nuclear transport receptors showed affinity for the pores through several steps of purification ( Figures 5 and 6 ). The most stable pore association was seen for importin b (Figures 5  and 6 ), which enriches with the purified pores. This nuclear import receptor has been demonstrated to stably interact with Nup358 in the cytoplasmic fibrils and with Nup153 in the basket of the assembled nuclear pores of somatic cells (11, 48, 49) . Thus, the finding of importin b associated with our purified pore preparation through Fraction 3 ( Figure 6 , lanes 1 -3) and in some preps throughout purification ( Figure  5 , lanes 1 -4) is an additional argument for a retention of functional pore interactions. Somewhat surprisingly, Hsp70 also showed a strong pattern of association with the pore complexes ( Figure 6, lanes 1 -3) . Hsp70 has been proposed to potentially stabilize some NLS-cargo-importin complexes, and several studies have indicated a role for Hsp70 in NLSmediated nuclear import (23, 50, 51) . Therefore, the Hsp70 initially present in the AL preparation may be bound to import complexes or, alternately, to some aspect of the pore.
Importin a, which in vivo is bound to pores through its association with importin b (52 -55), showed a tremendous degree of association with the first pore fraction ( Figure 6 , lane 1). In this preparation importin a was removed during the late steps of purification ( Figure 6 ). In other purifications, however, a was maintained through purification to a greater level ( Figure 5 ). The import receptor, transportin, associated with the pore through fewer purification steps ( Figure 6 ). One possible explanation for why this factor interacts with the pores less tightly than importin b may be that importin b has a higher affinity for the NPC relative to the other factors 
Miller and Forbes (48, 53, 56) . For example, both importin b and transportin associate with Nup153 (11, 17, 48) which is on the nuclear side of the pore. In vivo, importin b can be seen to remain associated with the nucleoplasmic side of the pore after Ran-GTP releases importin a and its cargo into the nuclear interior (53) . As such, importin b would be expected to have a relatively high affinity for one or more pore basket nucleoporins, such as Nup153. However, unlike importin b, importin a and transportin are released from the pore and proceed into the nucleoplasm (57, 58) . It is therefore likely that the interaction of transportin with the nuclear pore is of a more transitory nature than that of importin b and this transitory nature is reflected in Figure 6 as a looser association with the purified pores.
The nuclear export receptor Crm also showed significant interaction with the AL pores ( Figure 6 ). In vivo, a trimeric complex of Crm/RanGTP/export cargo binds strongly to Nup214/CAN on the cytoplasmic fibrils during a terminal step of export. The decrease in Crm binding in our purification may result from the loss of Nup214/CAN from the fibrils as purification proceeds. Alternately, since AL are assembled in cytosol and cytoplasmic Ran is presumably in the GDP-bound form, the Crm in our preparations would lack Ran-GTP and should thus not associate in its typical export complex. On the other hand, Crm1 is re-imported into the nucleus in vivo after each export cycle and would be expected to be capable of interacting with the cytoplasmic face of the nuclear pore under RanGDP conditions (59 -62), although the nucleoporin(s) with which Crm interacts during its import have yet to be identified. The affinity for Crm that we observe with purified pores (Figure 6 ) may more likely result from this import-related interaction.
One of the more surprising observations we found was the very low affinity of Ran and NTF2 for the purified pores ( Figure 6 ). These proteins were both completely removed by the flotation gradient, despite the presence of physiological buffer conditions. Even upon long exposure, no NTF2 was visibly associated with the pores past the flotation gradient. NTF2 has been shown to bind in vitro to RanGDP and to FG repeat-containing nucleoporins, such as Nup62, and in fact NTF2 was isolated by such binding (63 -65) . It has recently been shown that NTF2 is a carrier protein that imports Ran into the nucleus (66 -71) . Ran is likely in the GDP-bound form in the cytoplasmic extract; thus, we would expect to find both NTF2 and Ran associated with the AL pores and to find them stably associated. A possible explanation for the very low binding of Ran and NTF2 to purified pores might simply be that the binding of these two factors to the pore is normally transient in nature. Only a small fraction of either Ran or NTF2 may be in contact with the pore at any given time. This would also be true of importin b and Crm, yet these two proteins show a more stable association with AL pores. These differences may simply reflect the relative affinity of the interaction of these various transport factors with the pore. Other options are presented in the Discussion.
SDS-PAGE analysis of purified pores
The isolation of a preparation with all the molecular hallmarks of purified pore complexes allows one to analyze its protein composition. When the composition of the purified pores was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining, a reproducible pattern of roughly 50 different bands was observed in the final fraction ( Figure 7, lane 4) . The finding that the staining intensities of the known pore polypeptides are comparable to one another, as well as to the other bands, suggests that the preparation is largely composed of nuclear pore proteins. An exception is the band at 48 kDa molecular weight. This band was subjected to peptide sequencing, and found to be actin. Given the extremely high abundance of actin in the extract, it is not surprising that this protein would be found as a contaminant in the pore preparation. However, we can readily detect individual, known pore proteins within the final fraction. As shown in Figure 7 , these include the known nucleoporins Nup358/RanBP2, Nup214/ CAN, Nup205, Nup98, Nup93, Nup84, Nup62, and Nup58 
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Traffic 2000: 1: 0 -00 the pores in order to liberate the pore proteins from the tightly polymerized lamina/matrix. Since AL do not have any detectable lamins associated with them, we are able to release structural units which contain all tested pore proteins from the membranes using mild, non-ionic detergents.
Electron microscopic studies of pore complexes in amphibian oocyte nuclear envelopes have shown that there are pronounced differences in the structures emanating from the nuclear and cytoplasmic faces of the pore. We found that proteins of the nuclear pore basket, the central transporter, nuclear pore membrane, and the cytoplasmic fibrils were maintained in our preparation and co-purified together. The fact that we find every known pore protein tested to be present supports previous in vivo electron microscopic observations arguing that AL pore are equivalent to those assembled in the nuclear envelope (26, 37, 74) . A strong model is that AL are a storage depot of nuclear pores in highly proliferative cells. In fact, up to 80% of the pore complexes found in a mature Xenopus oocyte are present in AL, while only 20% are found in the oocyte nuclear envelope (29) . Because a developing Xenopus embryo must assemble 4000 cells, each with 3000 pores comprised solely from the components present in the egg, it would therefore stand to reason that each of the pores present in oocyte AL would need to contain the complete complement of nucleoporins.
Examination of the behavior of individual nucleoporins during purification revealed almost complete uniformity in their assembly into AL and their association with the pores. Most of the pore proteins, such as Nup205, Nup155, Nup153, Nup98, Nup93, Nup84, Nup62, gp210, and Gle2 were almost quantitatively incorporated and maintained in the AL pores throughout purification. Nup214/CAN was the only nucleoporin that at times showed a fragile association with the pores (compare Figures 4 and 5) . Since Nup93 and Nup62 have been shown to be very important for the assembly and/or function of the pore complex, these two proteins, for example, would be expected to have a stable association with the pore (72,31,75 -77,16) . In contrast, Nup214/CAN has been localized to the periphery of the NPC on the cytoplasmic fibrils (43) . As peripheral structures, the cytoplasmic fibrils may be somewhat fragile compared to more central structures.
In addition to the retention of nucleoporins throughout the purification, soluble transport receptors also showed copurification. Some, such as importin b and Hsp70, remain associated with the nucleoporins all the way to the detergent extraction step. As discussed above, importin b in vivo strongly associates with basket components of the pore, such as Nup153, at the end of its import cycle (11, 17, 53) . As such, it might be expected to have a high affinity for nucleoporins in the purified pore. Other transport receptors are also known to interact genetically or in immunoprecipitations with distinct nucleoporins (9, 11, 17, 19, 54, 60, 64, 70, (78) (79) (80) (81) (82) (83) (84) (85) (86) . Thus, their presence in the purified pores is compelling support for the maintenance of structural integrity of many aspects of the pore. The observation that Hsp70 is also fairly (Figure 7 , compare lanes 4 and W; (16, 32, 45, 72, 73) ). The identity of each of these known proteins was extensively confirmed by side-by-side comparison with immunoprecipitates (not shown) from the purified pores using individual affinity purified anti-nucleoporin antibodies.
Discussion
We have successfully developed a strategy for the purification of vertebrate nuclear pore complexes from in vitro assembled AL. We chose this approach over the more traditional, but unsuccessful starting material of isolated rat liver nuclei for several reasons. The main rational for the use of AL as a source of pores was to avoid the problems associated with the tight integration of pore complexes into the lamina and nuclear matrix present in somatic nuclei. Release of pore proteins from such nuclear preparations generally requires the use of denaturants and disassembly of 
tightly associated with the purified pores is intriguing. One explanation is that Hsp70 is bound to one or more import receptors, which in turn are directly associated with the pore (50) . Alternatively, Hsp70 may play a role in mediating pore assembly and be found in the pore preparation by virtue of this role.
It was unexpected to find that neither Ran nor NTF2 showed any appreciable association with the AL pores during purification. This is especially intriguing in light of the fact that Ran/NTF2 has been shown to bind to distinct nucleoporins on columns in both the GDP bound state (e.g. to Nup62), and in the GTP form (e.g. to Nup358/RanBP2) (63, 73) . As mentioned above, the lack of affinity of Ran and NTF2 to the purified pores may simply reflect a very transient association of Ran with the nuclear pore complex. Another possibility is that AL pores may be modified in some way to limit futile cycling of Ran molecules through these cytoplasmic pore complexes. Interestingly, limitation of such futile interaction might prove especially important for Ran in vivo, as Ran has been shown to play a role in a large number of cellular processes other than nuclear transport, including its newly discovered role in the organization of the mitotic spindle and in nuclear assembly (87) (88) (89) (90) (91) (92) (93) (94) .
In this study, we have chosen a biochemical approach to purification and characterization of the vertebrate pore, rather than one based on morphological criteria, e.g. electron microscopic monitoring of pores. Although we do not know the degree of structural integrity of the pores purified from AL, we find that all the tested pore proteins co-fractionate as a unit (Figures 2-5 ). We also know that multiple known nucleoporin sub-complexes are preserved in the purified pores, based on co-immunoprecipitation (B.R. Miller, data not shown). In addition, the transport receptor importin b remains associated with the pores through all but detergent extraction. Given the extremely rapid sedimentation of the pore proteins through high concentrations of glycerol, it is highly unlikely that our preparation yields single pores. The sedimentation is more characteristic of the clusters of pores characteristic of AL.
In the purified vertebrate pores, we readily detect individual known nucleoporins by silver staining. We estimate that purification from 20 ml of extract yields a 400-600-fold purification of the pores (Table 1) , which is close to the theoretical maximum possible purification of AL pores in this system. A typical preparation of 1.5 mg total AL pore protein should therefore contain between 5 and 20 mg of each individual pore protein. The fact that known nucleoporins are readily identifiable by silver stained SDS-PAGE of the final fraction indicates that the purified pore preparation can now be used to directly identify novel nucleoporins by peptide microsequencing.
In the pore preparation, we observe 50 distinct bands in the most purified fraction. In immunoblots of the purified preparation, all anti-nucleoporin antibodies gave single bands (with the possible exception of Nup214, which showed an additional 85 kDa band; data not shown.) The purified yeast nuclear pore has been shown to contain 30 distinct nucleoporins (95) . A larger number of proteins in the vertebrate nuclear pore could be due to increased complexity due to its larger mass (120 MDa vs. 60 MDa in yeast). Indeed, the vertebrate pore also differs significantly in structure and volume from the yeast pore (3, 24, 96) . It is worth noting that the original estimates of the number of proteins in the vertebrate pore were calculations based entirely on the observed mass of the pore (120 million daltons), divided by 16 to reflect the 8-fold radial and 2-fold apparent mirror symmetry of the pore (97) . This calculation resulted in a predicted pore 'substructure' molecular mass of 7.5 million Da. At the time, only a few pore proteins had been identified. In consequence, an estimate of an average pore protein size of 100 kDa was used, which then yielded an estimate of 75 different proteins per pore. A range of 50 -100 different proteins was given to reflect the uncertainties inherent in the initial assumptions. The number of bands observed in Figure  7 is near the low end of the range of this estimate. It is, however, possible that the 50 proteins observed in our preparation represent an underestimate of the true number of unique vertebrate pore proteins if certain proteins can not be seen due to poor silver staining properties or are masked behind other more prominent bands. Although this work represents a very large effort, clearly an even greater amount of analysis will be needed to characterize each protein component in the purified vertebrate pores.
The vertebrate pore has been shown to be morphologically, and in the cases of a significant number of proteins, compositionally distinct from the yeast nuclear pore (24, 42, 43, (98) (99) (100) . This may in part be due to certain fundamental differences in the biology (e.g. closed versus open mitosis) or possibly due to the billion years of evolutionary divergence between yeast and vertebrates (101) . Yeast nuclear pores are unsurpassed for providing genetic insights into the structure and function of the pore complex, but they are not readily manipulable by biochemical techniques. In this report, we describe a strategy for the purification of vertebrate pore complexes from a system that allows for the ready manipulation of the pore complex by standard biochemical techniques. To date, the Xenopus system allows for both in vitro manipulation of pore composition and purification of these pores.
Finally, a powerful use for the purified vertebrate pores is that it allows one to determine whether candidate polypeptides, detected in other assays, are bona fide nuclear pore proteins, once antibodies to the candidate proteins have been raised. Previously, the only way to identify a protein as a nucleoporin was by positive immunoelectron microscopy on nuclear envelopes. Thus, the ability to biochemically purify nuclear pore complexes reported here should now allow the elucidation of vertebrate pore complex constituents and structure.
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Traffic 2000: 1: 0 -00 (16) . Fusion proteins were expressed and purified according to the manufacturer's instructions (Qiagen, Stanford, CA). Rabbit antisera directed against rat gp210 have been previously described (27) . Rabbit antisera against human Crm1 were the gift of Dr. Gerard Grosveld (St. Jude's Childrens Hospital, Tennessee). Antibodies to cdk2 were obtained from Dr. John Newport (UCSD).
Purification of AL pores
Egg extracts were prepared essentially as in (27) , with the omission of the second clarification spin of the cytosol. Buffer A contained 50 mM KCl, 2.5 mM MgCl 2 , 10 mM HEPES, pH 7.4. In vitro, AL assembly reactions were set up as in (27) , with the exception that the reaction was scaled up to 20 ml. After pores had assembled for 3 h at room temperature, two volumes of cold egg lysis buffer (ELB) (Buffer A plus 250 mM sucrose) containing 15 mg/ml RNAse A were added and the reaction was placed on ice for 30 min, then split into two aliquots. The total membrane fraction from each aliquot was isolated by centrifugation through a 6-ml cushion of ELB 500 (Buffer A plus 500 mM sucrose) in an SW28 rotor at 113000 ×g for 30 min. The membrane pellets were each resuspended in 5 ml of ELB, combined, then sheared by repeated passage through a 27-g needle. A small aliquot was removed for western blot analysis (Fraction 1). The resuspended sheared membranes (10 ml) were adjusted to 65% sucrose by the addition of 30 ml of 2.5 M sucrose. Aliquots (10 ml) were overlaid with buffered sucrose as follows; 5 ml each of 50% and 40%, 8 ml each of 37.5% and 35%. The flotation gradients were centrifuged at 72000 ×g for 20 h in an SW28 rotor. The pellicle at the top of the gradients, which contained the bulk of the cellular membranes (non-AL), was carefully removed by aspiration, discarded, and the sides of the tubes wiped clean with a Kimwipe. The crude AL membranes were then collected from the 50 -40% interface, diluted with an equal volume of buffer A, and pelleted at 72000 ×g for 30 min in an SW41 rotor. The AL pellets (Fraction 2) were resuspended in 2 ml of ELB, homogenized as before, and 0.5 ml aliquots were layered on top of four 5-ml 20 -40% linear sucrose gradients in buffer A. These velocity gradients were centrifuged at 50000 × g for 15 min in an SW55 rotor, and the bottom 0.5 ml and pellet were collected together. The AL were diluted with an equal volume of buffer A, and pelleted at 50000 ×g for 10 min in an SW55 rotor. The pore-containing pellets (Fraction 3) were resuspended in 9 ml of buffer B (buffer A made in 20% DMSO) containing 20% glycerol, and 1/20 volume of 20% b-octylglucoside, 10% CHAPS (in buffer B +20% glycerol) was added. The detergent-extracted pores were briefly vortexed to mix, and incubated on ice for 10 min. Aliquots (1.5 ml) were overlaid onto step gradients composed of 1.5 ml of 40% and 1.5 ml of 60% glycerol in buffer B containing 0.1% b-octylglucoside. The step gradients were spun at 50000 × g for 15 min in a TLA100 rotor, and the pores (Fraction 4) were recovered from the pellet.
In some preparations, the AL pores were subjected to an additional round of detergent extraction. For this, the material from six glycerol gradients was resuspended in 3 ml of buffer B containing 20% glycerol, extracted with detergent, and centrifuged through two glycerol step gradients exactly as in the previous step.
SDS-PAGE and immunoblotting
For immunoblotting, samples were resolved on SDS-PAGE gels, transferred to PVDF and blotted as in (27) . For silver-stained gels, the separating gel was cast as a 7.5% acrylamide gel containing a 0 -25% glycerol gradient. Staining was performed according to the manufacturer's instructions (BioRad, Richmond, CA). Molecular weight markers were purchased from Sigma (St. Louis, MO).
Preparation of WGA-binding proteins as markers
Egg cytosol (2 ml), prepared as above, was diluted 3-fold with 10 mM HEPES, 2. 
